INTRODUCTION
Any discussion of the temporal properties of musical events involves the use of a number of terms which must be precisely defined. The following quotation from Dowling and Harwood (1986) clarifies the use in this paper of the most important of these terms.
Duration is the psychological correlate of time. Bear refers to a perceived pulse marking off equal durational units.
Tempo refers to the rate at which beats occur, and meter imposes an accent structure on beats (as in "one, two, three, one, two, three ..."). Meter thus refers to the most basic level of rhythmic organization and does not generally involve durational contrasts.
Rhythm refers to a temporally extended pattern of durational and accentual relationships.
In this terminology then, rhythm is a general way of talking about the time-dependent properties of music. Meter refers specifically to the timing of written music, i.e., music that can be classified in the key signature as ( 3 4) The determination of rhythm/meter is an example of a quantity, which is easily extracted from large quantities of input data by human beings, but which represents considerable difficulties as a computational problem. Fortunately, in contrast to the audio rates required for calculations on fundamental frequency tracking, musical tempo variations occur in time frames measured in seconds, which results in significant data reductiion.
Palmer and Krumhansl (1990) analyzed the number of note occurrences at different metrical positions in a measure. They assumed the actual measure as indicated in the score in order to count up these note occurrences. The counts were made on the scores of musical compositions from the Baroque, Classical, Romantic, and Contemporary periods, each of which included examples of different meters. They concluded that the number of note occurrences depends upon tlhe meter and that the highest number is at the position of the beginning of the measure (or measure onset).
A more interesting and challenging question from the point of view of signal processing and machine perception is to determine if a computer is able to pick out directly the measures of a piece of music from the score or frc,m a musical performance of the score. It is this question which will be addressed. With a few additions the same portions of the same scores studied by Palmer and Krumhansl were chosen for our calculations, since these are representative pieces with different meters from the different periiods. These compositions are listed in Table I . There were at least 20 measures incl•aded in each of the pieces studied.
The compositions are Iristed in Table I . does not rely upon postulates about mental processes, and examines the "physical properties" of the notated score. It is based upon score (or performance) information only, with no grammar or rule-based heuristics intended to incorporate considerations of human perception of musical structure. Thus we make no claim for an autocorrelation mechanism for human perception. There is, nevertheless, convincing evidence that such a mechanism exists for information processing by bats (Suga, 1990) , and, whatever the mechanism, it is probable that humans do have access to the periodicities turned up by autocorrelation.
I. PROCEDURES AND CALCULATIONS
A single melodic line or voice was extracted from the score for analysis. An input file for the analysis was construtted consisting of weighted amplitudes at the positions of onsets of the notes and zeros (O's) elsewhere. The weighting was based on the note duration as indicated in the score; for example a half note would be given an amplitude twice that of a quarter note. This weighting is roughly equivalent to the so-ca!led interonset interval (de- As second example, the autocorrelation results for Brahms Op 119 No. 3 are shown in Fig. 3 where the key signature (6 8). Again it would be possible to predict the key signature as well as the meter. The measure determination was considered successful if the peak at the correct position is greater than the peaks preceding it and greater than those following it up to the position of the second measure. This criterion was adopted to avoid the problems with peaks at integral multiples of the measure for the following reasons.
First, this method was developed for "tracking" human performances, and here the timing would certainly be known to much better than a factor of two. Second, one can use various heuristics (Brown and Zhang, 1991 } such as requiring the winning peak to be more than a certain percentage greater than the peak at half its time value; for a periodic function this criterion would not hold for the peak at the position of two measures. Third, the vast majority of scores are in 2/4, 3/4, or 4/4 so one could make a case for analyzing peaks over the time corresponding to the first five quarter notes in the score limiting the search more than with our method. Finally, we could use the method of narrowed autocorrelation described below to sharpen the first peak.
The IOI weighted autocorrelation function for the sec- musical purposes. More performance data is needed to distinguish among these mechanisms.
IV. DISCUSSION
Results overall were good and offer promise for the determination of meter for performances by a live performer playing duets with a computer as second performer. Here it is necessary for the computer to be aware of the tempo of the live performer in order to adjust its own tempo to keep in synchrony. For the analysis of performance data there exists the option of weighting the events by their dynamic levels, and it is probable that the inclusion of this amplitude information for performances would make the results even better.
The achieving of slightly better results with IOI weighting is consistent with theories about human parsing of metrical events. Lee (1986) states that listeners attempt to place long notes on strong beats as they listen to a piece and attempt to determine its meter. Our results would indicate that composers write in such a way as to give these cues. Lee also maintains that listeners attempt to establish a metrical analysis as soon as possible; whereas we did not find evidence that these scores were written in such a way as to make it easier to determine the meter from a short segment at the beginning of the piece than from a long segment. This method holds promise as an excellent tool for the study of memory, motor control, and performance. The method may be particularly valuable in objective tests of musical questions about style and expression. ACKNOWLEDGMENTS I am very grateful to David Rosenthal for many hours of interesting discussions and for his extremely valuable suggestions on approaching this problem. Edward Carterette was extremely generous with his time and made many invaluable suggestions which were incorporated into the final version of the manuscript. Finally I would like to thank Caroline Palmer for taking the time to read and comment on the manuscript.
